Spores of Bacillus popilliae from infected larvae and refractile bodies produced in a Trypticase-barbiturate medium were similar but distinct from vegetative cells of this organism in protein, nucleic acid, and enzyme composition. The spores and refractile bodies were found to have catalase activity, some of which was heat-resistant. This enzyme was not found in the vegetative cells. The spores contained dipicolinic acid, but the refractile bodies did not. The latter were similar to cells in having considerably higher levels of phosphate extractable with cold trichloroacetic acid and of poly-f-hydroxybutyrate than had the spores. Electron microscopy demonstrated conclusively that the refractile bodies are distinctly different from either cells or spores of B. popilliae. The possibility that these bodies are formed as a result of an aborted sporulation process is discussed.
Spores of Bacillus popilliae from infected larvae and refractile bodies produced in a Trypticase-barbiturate medium were similar but distinct from vegetative cells of this organism in protein, nucleic acid, and enzyme composition. The spores and refractile bodies were found to have catalase activity, some of which was heat-resistant. This enzyme was not found in the vegetative cells. The spores contained dipicolinic acid, but the refractile bodies did not. The latter were similar to cells in having considerably higher levels of phosphate extractable with cold trichloroacetic acid and of poly-f-hydroxybutyrate than had the spores. Electron microscopy demonstrated conclusively that the refractile bodies are distinctly different from either cells or spores of B. popilliae. The possibility that these bodies are formed as a result of an aborted sporulation process is discussed.
Practically every cell of Bacillus popilliae produces a spore during production of "milky disease" in Japanese beetle larvae. In contrast, the best efforts published to date have resulted in a maximum of about 0.3%7o sporulation in vitro (30) on a solid medium. More recently, a strain has been isolated (NRRL B-2309M) in which about 15 (12) , on the cold (3 C, 15 min) 5%O trichloroacetic acid-soluble fraction of disrupted vegetative cells, spores, and refractile bodies prepared as described above.
The following enzymes were assayed by the procedure indicated through use of crude extracts (centrifuged at 3,000 X g for 15 min): adenosine deaminase (27) , alanine racemase (34) , glucose dehydrogenase (2), pyrophosphatase (20) , aldolase (32) , enolase (5), lactic dehydrogenase (17) , condensing enzyme (23) , aconitase (1) , diaphorase (25) , cytochrome c reductase, and succinic cytochrome c reductase (11) . A suspension of the particles sedimented at 3,000 X g for 15 min was used for determination of ribosidase by the procedure of Powell and Hunter (7) . ,3-Hydroxybutyrate (BHB) dehydrogenase was determined on the soluble fraction of extracts centrifuged 90 min at 120,000 X g by the procedure of Delafield et al. (9) . Both soluble and particulate fractions were assayed for reduced nicotinamide adenine dinucleotide (NADH2) oxidase by the spectrophotometric assay (10 
RESULTS
General composition. A comparison of the general composition of cells, spores, and refractile bodies of B. popilliae is given in Table 1 . The spores and refractile bodies were similar in that they had considerably lower levels of protein, RNA, and DNA than the cells, but the refractile bodies had a considerably higher concentration of PHB and cold trichloroacetic acid-soluble phosphate than did the spores. Also, the spores contained DPA and the refractile bodies did not. The DPA in the spores could not be assayed by the method of Janssen et al. (14) because of interfering materials present in the acid extracts. Its presence and concentration were established by comparing the ultraviolet absorption spectra of the ether extracts prepared by the procedure of Perry and Foster (26) with that of known DPA.
Enzyme composition. Spores of B. popilliae did not contain high levels of many of the enzymes unique to, or present in high levels in, spores of some other aerobic bacilli (Table 2) . Thus, there was no alanine racemase or glucose dehydrogenase detectable, and the activities of adenosine deaminase, soluble NADH2 oxidase, and pyrophosphatase were lower in spores than in cells. However, of particular interest are the catalase and ribosidase activities in both spores and refractile bodies. No catalase activity was detectable in cells, whereas both spores and refractile bodies had considerable activity, and a fraction of the activity withstood heating at 80 
B-2309-P-A and B-2309M).
That the catalase activity detected in spores harvested from diseased larvae was truly associated with the spore rather than with the hemolymph of the larvae was indicated by the following facts: (i) after washing the harvested spores six times, there was no further reduction in activity during six more washings, and (ii) more than 40% of the activity in the spores was stable to heating at 80 C for 10 min, whereas the catalase in hemolymph from noninfected larvae was completely inactivated by this treatment. Nk phase-contrast microscopy is shown in Fig. 1 . The refractile bodies are smaller than vegetative cells and spores. Though refractile, these bodies do not display the characteristic arrangement of an ellipsoidal spore and a juxtaposed parasporal inclusion encased in a phase-dark sporangium, but they are slender, irregularly shaped, and frequently partitioned.
Comparison of the three cell types at the electron microscopic level is presented in Fig. 2 . The spores harvested from infected larvae and the refractile bodies produced in a Tryticasebarbiturate medium are similar, but are distinct from vegetative cells of B. popilliae in protein, nucleic acid, and enzyme composition. The protein content of the spores of this species is considerably lower than that observed in spores of B. megaterium (37) , but the comparative levels of RNA and DNA in spores and cells agree with those observed in B. cereus (35) . In comparison with cells, the spores and refractile bodies contained high ribosidase and catalase activities, but were generally low in a number of other enzymes assayed. The catalase activity was notable since cells do not produce catalase.
These and previous observations (8) indicate that the refractile bodies are the end result of aborted sporulation. If this is true, the differentiation process becomes abortive at an early stage. Thus, the refractile bodies are considerably higher in PHB and acid-soluble phosphate than the spores, and they contain no DPA. More importantly, they are morphologically and cytologically very dissimilar. However, the electron-dense inclusions observed in refractile The black outline delineates the spore proper, comprised of a multilayered integument and a core; the substructure of these has been identified previously (3) . Outside the spore and within the sporangial cell wall is a parasporal body (pb). Cells and refractile bodies were fixed in 2% osmic acid and embedded in Epon. Spores were fixed in 2% osmic acid anid 2% KMnO4 and were embedded in araldite. bodies have a density and texture very similar to those of parasporal bodies, and such inclusions are constantly observed in cells from Japanese beetle larvae just prior to the formation of the spore primordium (Black, unpublished observations) . Refractile bodies are very difficult to fix, and there may be considerable distortion during this process.
The intensity and distribution of the refractile bodies vary from cell to cell (Fig. 1) . Some cells contain both large and small bodies; the latter are similar in size and shape to parasporal bodies. Other cells appear completely refractile. The basis for the refractility is not apparent. It is not due to PHB, since the bodies are not affected by chloroform extraction and since the level of PHB is not significantly higher than that in young vegetative cells. Neither is the refractility due to polysaccharides, since chemical analysis showed no accumulation of these. It should be noted, however, that the basis for the refractility of spores is still not known. It has been established that developing spores become refractile prior to DPA formation and the development of heat resistance (31) . Thus, the change(s) occurring in normal sporulation and the development of refractility in these cells could be similar.
Cultures in which the highest percentage (essentially 100%) of the cells were observed to have refractility contained a higher percentage of viable cells than similar cultures with lower percentages of refractile bodies (8) . If, indeed, these cells are committed to sporulation, the viable fraction must either complete the process or return directly to cell division. The former is more plausible, since it is not believed that cells committed to sporulation can undergo cell division without completing the sporulation cycle.
The DPA content of B. popilliae spores examined was quite low. Although this may vary among lots, the average concentration must be quite low since no DPA could be detected in three other lots of spores by the colorimetric assay procedure of Janssen et al. (14) . The low DPA content may be correlated with the relatively low heat resistance (29) and with the low germinability of these spores (33) . Previous studies (3, 7) have demonstrated a correlation between DPA content and these characteristics in aerobic spores.
Spores of B. popilliae appear to be unique in enzyme composition. Thus, of six enzymes assayed which have been reported to be enriched in spores of some aerobic bacilli (2, 13), only ribosidase was found to have a higher activity in extracts of spores than in cell extracts. The failure to detect alanine racemase in either cells or spores is of much interest. Nutritional studies (36) have demonstrated that this organism does not require exogenous alanine, so it must synthesize both the D and L isomers when D-alanine is present in the cell wall.
The presence of catalase in spores of this species is of particular interest, since no catalase is detectable in cells grown in laboratory media. The production of this enzyme appears to be associated with morphogenesis, since it is pro. duced at the same time that cells produce refractile bodies. There is no detectable multiplication in such cultures at this time, so it is not associated with secondary growth of mutant cells. The fact that a fraction of this activity is heat-resistant also indicates association with sporogenesis. Lawrence and Halvorson (19) demonstrated the presence of catalase in spores of B. terminalis all of which which was stable to 80 C for 10 min, but the total activity was much less than that of corresponding cells. It is possible that all of the catalase in mature spores of B. popilliae is stable to 80 C for 10 min, since there is no assurance that the washing procedure eliminated all of the heat-sensitive catalase of the hemolymph from which these spores were harvested. B. popilliae B-2309 M undergoing sporulation on a solid medium formed catalase at the time morphogenesis became apparent, and all of the enzyme was stable to this heat treatment (Costilow, un- published data). Therefore, it is believed that this enzyme constitutes a good marker indicating the onset of sporulation.
